Activin A is a gonadal protein originally isolated from follicular fluid and is recognized as a local regulator of granulosa cell differentiation. Whether activin A promotes folliculogenesis, however, still remains unclarified. The present study was designed to elucidate the effect of activin A on follicular growth in in vitro follicle culture systems. Preantral follicles, 100 -120 m in diameter, were mechanically isolated from BDF1 hybrid immature mice (11 days old) and adult mice (8 weeks old), then cultured for 4 days in a serum-free medium supplemented with activin A (100 ng/ml), FSH (100 mIU/ml), and a combination of both. Follicular diameter was measured daily, and the amount of estradiol and inhibin released at day 4 was determined by RIA. Preantral follicles collected from immature mice showed a significant increase in diameter when cultured with activin A or both activin A and FSH. FSH alone showed no significant effect on the diameter of follicles from immature mice. In contrast, the diameter of preantral follicles from adult mice significantly increased in response to FSH. Activin A did not stimulate growth of follicles from adult mice, and more interestingly, blocked the effect of FSH. The inhibitory action of activin A was in part restored by co-culture with follistatin (100 ng/ml). These results indicate that activin A is folliculogenetic in the prepubertal mouse, but not in adults. (Endocrinology 138: 4572-4576, 1997) A CTIVIN A, a gonadal protein, is a homodimer composed of two ␤-subunits of inhibin, which is a heterodimer glycoprotein consisting of an ␣-subunit and one of two ␤-subunits (␤ A and ␤ B) (1). Both activin A and inhibin have been isolated and purified from mammalian follicular fluid (2, 3). Activin A is composed of two ␤ A-subunits and was later shown to have the same structure as the erythroid differentiation factor (EDF) (2, 4). There is increasing evidence that activin A locally modulates granulosa cell function. Activin A enhances FSH-induced aromatase activity (5-7), LH binding sites (8), and progesterone production (5-8) in cultured granulosa cells obtained from estrogentreated immature rats. In addition, activin A stimulates FSHinduced inhibin production (6, 8, 9) and follistatin messenger RNA (10) in rat granulosa cells in vitro. One of the mechanisms of activin A action is to stimulate FSH receptor formation (11, 12) , and indeed increased FSH messenger RNA levels by activin A treatment have been reported (6, 7). These in vitro observations are consistent with activin A as a local regulator that promotes differentiation of granulosa cells, but whether activin A is involved in folliculogenesis remains unclarified.
termined by RIA. Preantral follicles collected from immature mice showed a significant increase in diameter when cultured with activin A or both activin A and FSH. FSH alone showed no significant effect on the diameter of follicles from immature mice. In contrast, the diameter of preantral follicles from adult mice significantly increased in response to FSH. Activin A did not stimulate growth of follicles from adult mice, and more interestingly, blocked the effect of FSH. The inhibitory action of activin A was in part restored by co-culture with follistatin (100 ng/ml). These results indicate that activin A is folliculogenetic in the prepubertal mouse, but not in adults. (Endocrinology 138: [4572] [4573] [4574] [4575] [4576] 1997) A CTIVIN A, a gonadal protein, is a homodimer composed of two ␤-subunits of inhibin, which is a heterodimer glycoprotein consisting of an ␣-subunit and one of two ␤-subunits (␤ A and ␤ B) (1) . Both activin A and inhibin have been isolated and purified from mammalian follicular fluid (2, 3) . Activin A is composed of two ␤ A-subunits and was later shown to have the same structure as the erythroid differentiation factor (EDF) (2, 4) . There is increasing evidence that activin A locally modulates granulosa cell function. Activin A enhances FSH-induced aromatase activity (5-7), LH binding sites (8) , and progesterone production (5) (6) (7) (8) in cultured granulosa cells obtained from estrogentreated immature rats. In addition, activin A stimulates FSHinduced inhibin production (6, 8, 9) and follistatin messenger RNA (10) in rat granulosa cells in vitro. One of the mechanisms of activin A action is to stimulate FSH receptor formation (11, 12) , and indeed increased FSH messenger RNA levels by activin A treatment have been reported (6, 7) . These in vitro observations are consistent with activin A as a local regulator that promotes differentiation of granulosa cells, but whether activin A is involved in folliculogenesis remains unclarified.
Folliculogenesis is a process of follicular growth characterized by morphological changes accompanied by functional development. Most in vitro studies using the granulosa cell-culture system have shown the functional aspect but have failed to prove the morphological one (2, 13). More recently, Li et al. (14) demonstrated that activin A stimulates morphological and structural changes in granulosa celloocyte complexes obtained from immature rats. The granulosa cell-oocyte complexes, however, are not complete follicles as they do not have a theca layer and it is shown that there are distinctive differences between cumulus cells and peripheral membrana granulosa cells (15) . To overcome these inherent problems in granulosa cell culture or the granulosa cell-oocyte complexes culture system, an in vitro enclosed follicle culture system has been developed (16) . The present study aimed to clarify the effect of activin A on follicular growth in the early stages in immature and adult mice by using an in vitro follicular culture system.
Materials and Methods Chemicals
Recombinant human FSH (rhFSH) was obtained from Organon (Oss, The Netherlands). Recombinant human activin A (rh activin A) was prepared as described previously (17) . Recombinant human follistatin was obtained from the National Hormone and Pituitary Program, NIDDK. All other chemicals were of analytical grade or the highest quality commercially available.
Animals
Female BDF1 hybrid mice were purchased from Japan Charles River Inc. (Tokyo, Japan) and housed in a temperature and light-controlled room with a 14-h light, 10-h dark photoperiod in accordance with the principles of the Animal Science Center of the Gunma University School of Medicine. Food and water were given ad libitum. Eight-week-old and 11-day-old female mice were killed for the experiments. moving the surrounding tissue, the ovaries were microdissected under a stereo microscope using 27-gauge needles attached to 1-ml syringes. Preantral follicles 100 -120 m in diameter were isolated, visually collected, and transferred into a serum-free DMEM supplemented with 6.25 g/ml of insulin, 6.25 g/ml of transferrin, 6.25 ng/ml of selenious acid, 5.35 g/ml of linoleic acid, 0.15% BSA, 15 mm HEPES, 45 g/ml of penicillin G, 350 g/ml of streptomycin, and 1.75 g/ml of amphotericin B. Special care was taken to retain a layer of the basal lamina, thecal cells, and some stromal cells around the isolated follicles. The criteria used for acceptable quality were a central spherical oocyte, a high density of granulosa cells, and a distinct basal lamina with theca layer. Histological examination of the isolated follicles revealed that a layer of thecal cells was partially preserved. The follicles were transferred as rapidly as possible to 15-mm polystyrene dishes (FALCON, Lincoln Park, NJ) containing 1.0 ml of the culture medium. Ten follicles per dish were incubated in a humidified chamber with 5% CO 2 in air at 37 C for 4 days. Hormones were added on day 0 in the indicated concentrations and combinations.
Measurements
Two-dimensional maximum and minimum lengths of each follicle were measured daily with an inverted microscope. The mean diameter of the follicle was calculated by averaging these two measurements.
Inhibin concentrations were measured by double antibody RIA using rabbit antiserum against bovine follicular fluid inhibin as described previously (18) . Estradiol concentrations were determined by direct RIA using antiestradiol antiserum kindly supplied by Dr. W. F. Crowley, Jr. (19) and a radioactive tracer of oestradiol-6-(O-carboxymethyl)oximino-(2-[ 125 I)iodohistamine) (Amersham, Buckinghamshire, UK). The intraassay coefficients of variation of the inhibin and estradiol RIA were 2.8% and 2.6%, respectively.
Statistics
Results are expressed as mean Ϯ se. Differences between means of follicular diameters were analyzed by the chi-square method followed by Scheffé's F test. Differences between means of hormone levels were analyzed by a nonparametric method by using the Kruskall-Wallis test. P Ͻ 0.05 was considered significant. Figure 1 shows the photographic appearance of a preantral follicle from an immature mouse after 4 days of culture in the presence of activin A (100 ng/ml) and rhFSH (100 mIU/ml). On day 0 of culture, the follicle had a central spherical oocyte surrounded by several layers of granulosa cells. On day 4, they had increased in size with a growing oocyte surrounded by an increased number of granulosa cell layers, indicating that activin A and rhFSH treatment had stimulated follicular growth in this culture system. Figure 2 shows changes in the diameter of follicles cultured with activin A (100 ng/ml), rhFSH (100 mIU/ml), and a combination of both. Control follicles were cultured with the medium alone. The upper graph presents the changes in follicular diameter from immature mice (11 days old), whereas the lower one presents the changes in follicles from adult mice (8 weeks old). As shown in both graphs, preantral follicles cultured in medium alone showed no increase in size during the 4-day period. Preantral follicles from immature mice showed a progressive increase in size in response to activin A treatment, and the difference from the control was significant from day 1 (P Ͻ 0.05-0.0001). FSH alone did not increase the size of follicles from immature mice but had a synergistic effect with activin A. The size of preantral follicles from immature mice cultured in the presence of both activin A and FSH was nearly twice that of the control on day 4. On the other hand, as shown in the lower graph in Fig. 2 , preantral follicles from adult mice showed no increase in diameter in response to activin A but showed a significant   FIG. 2 . Changes in the diameter of preantral follicles from immature mice (top) and adult mice (bottom). Preantral follicles were cultured for 4 days with medium alone (control), rhFSH (100 mIU/ml), activin A (100 ng/ml), and rhFSH ϩ activin A. Follicular growth was checked daily, and degenerated follicles were removed. ( ) ϭ Number of follicles.
Results
increase due to the addition of FSH (P Ͻ 0.0001). The stimulatory effect of FSH, however, was completely blocked by cotreatment with activin A, but this was partially antagonized by adding follistatin, an activin A binding protein, at a dose of 100 ng/ml (Fig. 3) .
As shown in Table 1 , activin A treatment significantly increased estradiol and inhibin secretion by follicles obtained from immature mice but not from adult mice. After FSH treatment, however, there was no significant increase in estradiol or inhibin secretion by follicles from immature mice, but a significant increase in estradiol and inhibin secretion by follicles from adult mice was found. The stimulatory effect of FSH on estradiol and inhibin secretion by follicles from adult mice was completely blocked by the coadministration of activin A. The inhibitory action of activin A was partially antagonized by treatment with follistatin.
Discussion
The follicle population used in this study is the primary follicle consisting of an oocyte surrounded by several layers of follicle cells and the theca layer. These components are necessary for follicular development and are interactive (20) , and folliculogenesis cannot be reproduced in a physiological manner in the absence of one or more component. Such an in vitro enclosed follicle culture system is a better method for elucidating and understanding folliculogenesis (16, 21, 22) . Folliculogenesis is a series of physiological events defined by morphological and functional changes of the follicle. Of these events, antrum formation is considered the milestone of folliculogenesis, and a number of attempts have been made to produce antrum formation from preantral follicles, with limited success (16, 21, 22) .
The growth of follicles after antrum formation is undoubtedly regulated by the pituitary gonadotropin FSH (23) , but the answer to the basic question of whether FSH is involved in early folliculogenesis, up to the antrum formation stage, is as yet unclarified. Peters et al. (24) have demonstrated that the initiation of follicle growth is not dependent on FSH because elevated FSH levels by unilateral ovariectomy of 2-day-old mice do not change the number of normal developing follicles. The fact that estrogen treatment increases the number of preantral and small antral follicles in the hypophysectomized mouse further supports that follicular growth up to antrum formation is controlled by factors other than FSH (25) . After a comprehensive review of the literature, Greenwald et al. (23) described follicular growth and cast doubt on the hypothesis that FSH is unnecessary for early follicle growth. Using an in vitro follicle culture system, Roy et al. (21) have shown that FSH induces antrum formation in preantral follicles collected from adult hamsters. Nayudu et al. (16) have succeeded in inducing antrum formation with FSH in a dose-related manner in an in vitro follicle culture system using preantral follicles from 25-day-old mice, but their culture medium contained 5% mouse serum and an insulin-like growth factor.
As shown in Fig. 2 and Table 1 , activin A produced a significant increase in follicular size, indicating that activin A is a local regulator that stimulates folliculogenesis in the preantral follicles from immature mice. However, FSH alone did not have such an effect on preantral follicles from immature mice, but instead had a synergistic effect with activin A. These results were consistent with those of Li et al. (14) , who demonstrated that activin A, and not FSH, stimulates morphological changes in the granulosa cell-oocyte complexes obtained from 14-dayold mice. The increase in estradiol and inhibin secretion indicates that activin A promoted the functional development of cultured follicles as well. It has been shown that activin A induces FSH receptors in in vivo (26) and in in vitro granulosa cell culture system of estrogen-pretreated immature rats (11) . Therefore, it is suggested that the synergistic effect of activin A and FSH may be mediated by the effect of activin A to increase a number of FSH receptors in the preantral follicle as well as to stimulate the differentiation of the follicle cells. On the other hand, FSH can induce its own receptors in granulosa cells (13, 26, 27) , but whether this action of FSH is a direct effect or because of other factors such as activin A, still remains unclarified.
Compatible with previous reports using follicles from adult hamsters (21) , FSH stimulated follicular growth in adult mice. However, there was a marked contrast between the growth of follicles from adult mice and immature mice. Unlike preantral follicles from immature mice, those from adult mice did not show an increase in size in response to activin A, nor in the secretion of estradiol and inhibin. Moreover, preantral follicles from adult mice showed a significant increase as a result of FSH supplementation. Of particular interest is the effect of FSH, which was completely blocked by cotreatment with activin A. Because the inhibitory effect of activin A was in part restored by follistatin administration, the effect is unlikely to be caused by the loss of viability of the collected follicles. The possibility that activin A may have atretogenic actions on follicular development has been suggested by Woodruff et al. (27) by an in vitro study using 25-day-old rats. Their experimental design consisted of unilateral intrabursal injection of activin A into one ovary, with the other ovary serving as the uninjected control. Administration of activin A resulted in minimal follicular development with an increase in the number of atretic follicles in all size classes and completely blocked the action of systemic PMSG administration.
We cannot explain the difference in response between immature and adult follicles mechanistically at this time, but   FIG. 3 . Effect of follistatin on the growth of preantral follicles from adult mice. Preantral follicles were cultured for 4 days with medium alone (control), rhFSH (100 mIU/ml), rhFSH (100 mIU/ml) ϩ activin A (100 ng/ml), and rhFSH (100 mIU/ml) ϩ activin A (100 ng/ml) ϩ follistatin (100 ng/ml).
we suspect that the stage-specific sequences of follicular environment may be involved in the behavior of preantral follicles. More follicles start to grow per day in the immature mouse (28) and rat (29) than in older animals, probably due to high levels of FSH in the prepubertal rodent. Most follicles in the ovary of the immature mouse (11 days old) are at the preantral stage, whereas large follicles have already differentiated by 21 days of age (29) . FSH receptors are expressed in the preantral follicles of adult rats (30) , and the follicles from adult animals are repeatedly exposed to cyclic changes in gonadotropins, estrogen, and progesterone. The effect of underlying differences in follicular environment on follicular development remains to be clarified.
In conclusion, the present study has demonstrated that activin A stimulates folliculogenesis of enclosed preantral follicles from immature mice, but that FSH only has a synergistic effect with activin A. In addition, FSH showed folliculogenetic activity in the preantral follicles of adult mice, and activin A blocked the action of FSH. The mechanisms of these phenomena remain unclarified, but our study has shown that activin A has a paradoxical action on follicular development.
